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Specification 

[Wave Power Generator] 

[Technological field] 

[0001] The present invention relates to a wave power generator which 
converts wave energy (on the wave surface) to electric energy with high 
efficiency. 
[Background Art] 

[0002] Various researches about wave power generation for generating 
power by utilizing wave energy have been conducted. Non-patent 
publication 1 states that as mechanisms for primary conversion in wave 
power generation, there are the following three methods^ 1) method of 
converting wave energy to compressed air energy, 2) method of converting 
wave energy to mechanical energy, 3) method of converting wave energy to 
water potential energy or water current energy, and various methods 
belonging to one of them have been tried by use of experiment apparatus. 
The publication reports that as an example of the method 1) of converting 
wave energy to compressed air energy, a wave power generator of the air 
turbine type has been proposed, and it has been installed on a floating 
structure "Kaimei" and experiments have been conducted. 
[0003] The structural principle of this generator is that an air chamber 
having a constant cross-section is submerged in water to a predetermined 
depth, and the air turbine is rotated by an air current produced in the air 
chamber by an up-and-down movement of the sea surface due to waves, and 
electric power is taken out by a generator coupled to the air turbine. 
Various other devices have been produced experimentally and tested. But 
these existing wave power generators can generate a power of merely 30 to 
350 kW and it is pointed out that the construction cost is high for its 
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generation scale. 

[0004] The reason why the generation output is small is because the 
efficiency of conversion of wave energy to electric energy is low, that is, the 
wave energy is not utilized sufficiently. The construction cost is thus 
necessarily high. If such generators are constructed as large-scale power 
generating facilities, a breakwater is also necessary as a safety measure. 
But breakwaters of the fixed type are expensive to construct because they 
have to be constructed in the sea, thus pushing up the entire construction 
cost. Also, such breakwaters tend to be damaged by Tsunamis and typhoons. 
Therefore, existing wave power generators are being used only as a power 
supplies for beacon lights of uninterruptible buoys. 

[0005] As a typical small wave power generator, Patent publication 1 
discloses "Wave power generating method and buoys for wave power 
generation". With the wave power generating method disclosed by Patent 
publication 1, a rope extending from a spring means fixed in a floating body 
is submerged in seawater, a weight is fixed to the lower end of the rope, and 
a power generating means engaging the rope is driven by relative 
movement of the floating body and the weight caused by up-and-down 
movement of wave surfaces to obtain electric energy. The wave power 
generating buoy utilizing this wave power generating method is structured 
to supply the power obtained by this method to a light source provided on 
top of a tubular body provided on the floating body. 

[0006]. But, with a buoy using such a wave power generator, because the 
weight is lightweight to prevent the floating body from sinking, and also, 
the resonance between the weight and the spring is not used for generation, 
the kinetic energy of the magnet produced by up-and-down movement of 
waves is small and thus the electric energy obtained is small. Thus, such 
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generators can be used only for small-scale generation such as a wave 
power generating buoy. 

[0007] On the other hand, a "portable power generator" is known from 
Patent publication 2 which efficiently converts, not wave energy, but kinetic 
energy produced by vibrations and pivoting of the generator during 
transportation to electric energy. This portable generator includes a power 
generating unit which comprises a rod-shaped permanent magnet inserted 
in a cylindrical body and retained by an axially movable spring, and a 
tubular coil wound around the cylindrical body. An AC voltage generated in 
the coil due to vibrations and pivoting of the portable generator during 
transportation is rectified by a rectifier and stored in a battery. 
[0008] This generator does not require troublesome operation such as 
manual rotation and aims to efficiently convert kinetic energy due to 
vibrations and pivoting of the generator during transportation to electric 
energy by utilizing resonance produced by matching the axial resonance 
frequency of the permanent magnet to the average period of a main 
vibration source during transportation. The average period of a person 
when walking is about 1.9 Hz, but the average period of vibrations and 
pivoting during transportation of the generator varies from person to 
person and according to the carrying conditions. Thus, it is desired to 
provide means for adjusting the axial resonance frequency of the 
permanent magnet. 

[0009] But, with such a portable generator, because it is supposed to be 
portable, the magnet as a weight has to be sufficiently lightweight. Also, its 
size is limited and it is difficult to increase the size of the magnet because 
the magnet has to be mounted in the cylindrical coil. Therefore, the kinetic 
energy obtained is small. Although this generator utilizes resonance 
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between the weight and the spring, this method is not applicable to power 
generation for obtaining a large power output. 

Non-patent publication 1- Magazine "Present State of Wave Power 
Generation" edited by Advisers 1 Council Promoting Office, Central 
Research Institute of Electric Power Industry. 

Patent publication 1- Japanese patent publication 2-230969A 

Patent publication 2: Japanese patent publication 2002-374661A 

[Disclosure of the invention] 

[Problems to be solved] 

[0010] An object of the present invention is to provide a wave power 

generator which can convert wave energy to electric energy with high 
efficiency, which is simple in structure and is inexpensive to construct, and 
which can supply electric power of a large capacity at low cost. 
[Means for solving the problems] 

[00 11] As a means for solving the abovementioned problems, this 

invention provides a wave power generator comprising a floating body 
floating on waves, a heavy body elastically supported on the floating body 
by an elastic member so that a damping force is produced between the 
floating body and the heavy body with the movement of the heavy body, and 
a power generating means for converting kinetic energy to electric energy, 
wherein a spring constant of the elastic member is preset so that the 
undamped natural frequency G)o of the elastic member is close to the 
frequency co of waves which vibrate the floating body within a 
predetermined range of the ratio co/coo, thereby utilizing resonance of the 
elastic member with waves. 

[0012] The wave power generator causes the vibration of the elastic 
member supporting the heavy body to resonate with vibrations of waves 
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acting on the floating body and obtains a large amount of power by utilizing 
the resonance phenomenon. As the floating body moves up and down with 
waves and vibrates, a vertical vibration force acts on the heavy body 
mounted on the floating body, too. But the heavy body moves up and down 
with some time lag from the up-and-down movement of the floating body. 
[0013] Thus, if the spring constant of the elastic member is preset so that 
the undamped frequency of the elastic member is equal to or close to the 
frequency of waves within a predetermined range of frequency ratio oa/coo, it 
is possible to cause the heavy body to move up and down for the maximum 
stroke, thereby making it possible to efficiently obtain electric power of 
maximum capacity by means of a generating means using an 
electromagnetic damper which utilizes variation in position in a straight 
direction. The frequency of waves varies with season, day and time even at 
the same place and differs largely from place to place. Therefore, it is 
desired that the spring constant of the elastic member be adjustable 
according to the varying frequency of waves. 

[0014] Waves which can be utilized for power generation is said to be 
short-period gravity wave (0.1 to 1 second) to ordinary gravity wave (l to 30 
seconds) and a representative elastic member suited to them is an air 
spring. By changing the capacity of the air spring by use of an auxiliary 
tank, the undamped natural frequency of the air spring can be easily 
adjusted to 0.4 to 6.0 Hz, which is close to the frequency of waves. As the 
elastic member, a coil spring or a plate spring can be used, too. The type of 
the spring is not limited. 

[0015] The floating body may be a housing which can float on waves even 
if it is not self-propelled. In this case, it may be structured so as to be 
towable by another ship. Also, the floating body may be a newly built ship 
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or an existing ship having a self-advancing function and other members 
may be provided on or in the ship so as to form a wave power generator as a 
whole. 

[Effect of the invention] 

[0016] The wave power generator of this invention produces large kinetic 
energy by resonating the vibration of a system including the heavy body 
and the elastic member supporting it with vibrations of waves, and obtains 
electric energy by power generating means comprising an electromagnetic 
damper. Therefore, electric power of a large capacity can be generated with 
a simple structure and at low cost. By giving a self-advancing function to 
the floating body, the wave power generator can be sheltered from 
Tsunamis and typhoons. Thus, it is safe and can be used in a wide sea area. 
[Brief description of the drawings] 
[0017] 

[Fig. 1] Sectional view of the wave power generator embodying this 
invention 

[Fig. 2a] Schematic view of the same 
[Fig. 2b] Vibration model view 

[Fig. 3] Graph showing the relationship between frequency ratio co/coo and 
z/x 

[Fig. 4] Enlarged sectional view of a portion of a wave power generator 
according to a second embodiment of the invention 
[Fig. 5] Schematic views of other embodiments 

[Description of the numerals] 

1. Floating body 

2. Enclosing wall 



6 



3. Heavy body 

4. Air spring 

5. Diaphragm 

6. Piston 

7. Power generating means 

8. Permanent magnet 

9. Coil 

[Best mode for embodying the invention] 

[0019] The embodiments of the present invention are described with 
reference to the drawings. Fig. 1 is a sectional view of the wave power 
generator embodying the present invention. The generator includes a 
floating body 1 having sufficient buoyancy not to sink even when a power 
generating unit to be described later is mounted thereon. The floating body 
may be a ship body itself which is movable by itself, or may be a ship body 
on or in which a base plate or a box-shaped body is mounted to form a 
floating body as a whole. The embodiment is shown schematically in the 
form of a sectional view of a box-shaped body. On the floating body 1, the 
power generating unit is installed in a chamber completely enclosed by 
walls 2h and 2v. But if the generation system is installed in a ship, the 
chamber may not be completely sealed, but has to be at least capable of 
preventing leakage of water. 

[0020] The power generating unit includes a heavy body (weight) 3 
supported by an air spring 4 on the floating body, and a power generating 
means 7 in the form of an electromagnetic damper disposed between the 
floating body 1 and the weight 3. The weight 3 comprises a plurality of thick 
plates stacked one upon another and joined together. On both sides of the 
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weight 3, rollers 12 are provided to guide the weight 3 along the vertical 
walls when it moves up and down due to up-and-down movement of waves, 
while being supported by the air springs. 

[0021] There are provided a plurality (four in the embodiment) of the air 
springs 4 to support the weight 3 at a plurality of points. The air springs 4 
have an undamped natural frequency coo which is variable by changing its 
air capacity. It is adopted as an ideal elastic member for resonance with the 
frequency of waves. The air capacity of each air spring 4 is changed by 
opening and closing on-off (control) valves 6a with a diaphragm 5 mounted 
between a piston 6 and the vertical wall and with chambers 6b in the piston 
6 and a chamber la in the floating body 1 used as auxiliary tanks. 
[0022] But, there are various other methods for changing the air capacity 
of the air springs 4 continuously or stepwise by providing an auxiliary tank 
in the piston 6 and partitioning it into a plurality of chambers or connecting 
it to an external tank. Any of such methods may be adopted. On the bottom 
of the horizontal wall 2h, there is provided a stopper 11 for limiting the 
upward movement of the weight 3. 

[0023] The power generating means 7 comprises a plurality of pairs of 
permanent magnets 8 that are arranged one over the other with each pair 
horizontally opposed to each other such that the horizontally opposed 
portions of each pair have different polarities to each other and the 
vertically adjacent portions of any vertically adjacent magnets have 
different polarities to each other, in a frame or enclosure 7a. Coils 9 are 
provided between the respective pairs of permanent magnets 8 at intervals 
corresponding to the intervals between the adjacent pairs of permanent 
magnets 8. The radial gaps between the coils 9 and the permanent magnets 
8 are preset to predetermined values and the coils 9 and the magnets 8 are 
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provided below an intermediate height of a core rod 7b. The coils 9 are 
connected in series or parallel with each other by wires which are led out to 
the outside. 

[0024] With the wave power generator of the above-mentioned structure, 
vertical vibrations of the floating body 1 caused by wave force is 
transmitted to the weight 3 through the air springs 4, and power is 
generated so that the generation capacity of the generating means 7, which 
is coupled to the weight 3, is maximum by regulating the air capacity of the 
air springs beforehand so that their undamped natural frequency «o is such 
that the weight 3 is vibrated in resonance with the frequency of waves, 
thereby maximizing the expansion displacement of the air springs 4. 
[0025] Generally, the frequency of waves suited to wave power 
generation is considered to be short-period gravity waves (0.1 to 1 second) 
to ordinary gravity waves (hereinafter simply called gravity waves) (l to 30 
seconds). The frequency of the air springs is variable within a range of 0.4 
to 6.0 Hz. The frequency of waves is measured by means of a vibration 
sensor and the air content in the air spring is regulated by the on-off valves 
so that the value coo is close to or equal to the wave frequency measured. 
The permanent magnets 8 form a magnetic circuit through a yoke which is 
the frame 7a enclosing the magnets 8. Electromotive force e is produced in 
the coils 9 by sliding the coils 9 in the magnetic circuit so as to vertically cut 
the magnetic circuit. 

[0026] The principle of power generation by the wave power generator is 
based on the following logic. Fig. 2(a) is a schematic view showing the wave 
power generator in a simplified form, and Fig. 2(b) is a view of a vibration 
model. In Fig. 2(b), m is the mass of the weight 3, k is the spring constant of 
the air springs 4, c is the damping force produced by the electromotive force 
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e of the electromagnetic damper as the power generating means 7, x is the 
vertical displacement of the floating body 1, and y is the vertical 
displacement of the weight 3. The spring constant k of the air springs is 
preset so that the air springs resonate with the abovementioned wave 
frequency (0.4 to 6 Hz). 

[0027] The weight 3, which is supported by the abovementioned spring 
system, vibrates corresponding to the movement of the floating body, which 
moves up and down with the movement of waves, through large expansion 
and contraction of the air springs. The vertical movement of the weight 3 is 
expressed by the following kinetic equation: 

my"= - k(y - x) - c(y 5 - x') -(1) 
where the symbol " denotes second-order differential and the symbol ' 
denotes first-order differential. 

[0028] Here, expressing the amount of expansion and contraction 
between the floating body 1 and the weight 3 by z, z = y - x. We assume that 
vibrations given to the floating body 1 from waves is x = Xsin cot in terms of 
vertical displacement. Since y = z + x, y" = z" + x" = z" - co 2 Xsin cot. 
Thus, the equation (l) can be transformed as follows^ 

mz" + cz' + kz = mco 2 Xsin cot •••(2) 
Further, assuming that the undamped natural frequency coO = (k/m) 1/2 , and 
the damping ratio C = c/(2mco 0 ), z/x will be as follows: 

z/x = (co/a>o) V (CI- (co/o) 0 ) 2 ] 2 + (2£co/co 0 ) 2 } 1/2 ■••(3) 
[0029] Fig. 3 shows the relationship between z/x and the frequency ratio 
co/coo for different damping ratios C . As will be seen from Fig. 3, the 
expansion displacement z becomes maximum when the frequency ratio co/coo 
= 1, that is, in the state where the forced frequency co of the wave force is 
equal to the undamped natural frequency coo (resonance state). It is desired 
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that the frequency ratio co/oo be 1, but actually it is preferable that it is in 
the range of 0.1^ w/coo ^ 2 and the spring constant of the elastic member 
can be set so that co will be close to coo- 

[0030] The electromotive force e is expressed by e = BLv, where L is the 
length of the coil of the electromagnetic damper as the power generating 
means 7 and B is the magnetic flux density and v is the relative speed 
between the coil and the magnetic flux. In the resonance state when the 
expansion displacement z is maximum, the relative speed v is maximum 
and the maximum electromotive force emax is obtained (v = z'). Also, the 
damping force c is expressed by c = BIL, where I is the current of the coil. 
Therefore, if the length L of the coil or the flux density B is increased to 
increase the electromotive force e, the damping force c increases. But, this 
increases the damping ratio £ , so that z/x decreases and the relative speed 
v decreases. Thus, it is necessary to properly adjust the balance between 
the damping force c and the mass m so that the damping ratio C will not 
be too large. 

[0031] Though not shown, a power supply line is connected to the 
electromagnetic damper as the power generating means 7 through a voltage 
regulator and a back-flow prevention device to supply power to a battery 
and a power line. The battery may be structured to use it as part of the 
weight. Further, the wave power generator may have a self-advancing 
function, or the floating body may be a ship. By moving the floating body in 
a horizontal direction, it is possible to change the forced frequency go of 
waves acting on the floating body and adjust the self-advancing speed so as 
to resonate with the undamped natural frequency coo, thereby obtaining 
high electric power. The ship may be a newly built one or an existing one. If 
an existing ship is used as the floating body, low cost is achieved. 
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[0032] As an example of the embodiment, a wave power generator 
embodying this invention was structured which had a weight weighing 200 
kg (mass 20.4 kg/(m/s 2 )), air springs having a spring constant of 7899 N/m, 
and a power generating unit mounted on a floating body and including coils 
having a length L of 1000 m and a resistance of 10 Q, and permanent 
magnets having a magnetic flux density B of 0.1 T. If a wave force of 1 Hz is 
applied to the floating body, a damping force of 1000 N is generated. In this 
case, the damping ratio £ = 0.39 and the amplitude ratio z/x = 1.25. 
Vertical displacement of the floating body x = 0.4 m, expansion amount of 
the air springs z = 0.5 m, average relative speed Vav = 1.0 m/s. Under these 
conditions, an electromotive force e = BLv = 0.1T x 1000 m x 1 m/s = 100 V 
and a current of 10 A were generated and a power of 1 KW was obtained (I x 
V = 10A x 100 V = 1000 W). 

[0033] The power generating means 7 comprising an electromagnetic 
damper may be of any structure provided the magnet portion and the coil 
portion are separated from each other and movable relative to each other. 
Fig. 4 shows a section of a portion of the wave power generator of the second 
embodiment. In this embodiment, the power generating means 7 comprises 
a frame or peripheral wall 7a, a rod-shaped center core 7c provided in the 
center of the peripheral wall 7a so as to be integral with the peripheral wall 
7a, a ring-shaped permanent magnet 8 mounted on the inner wall of the 
peripheral wall 7a, and a ring-shaped coil 9 loosely mounted around the 
center core 7c so as to be vertically movable. The coil 9 is coupled to the 
lower end of a forked support member 7b' having its upper end fixed to the 
bottom of the weight 3. 

[0034] The legs of the support member 7b' are inserted in guide holes 7h 
and guided thereby vertically as the support member 7b' moves up and 

12 



* 



1 1 



down with the vertical movement of the weight 3. The air springs 4, weight 
3, enclosure 2 and floating body 1 of the second embodiment are the same as 
those in the first embodiment. Thus, they are not shown and their 
description is omitted. The vibration model of this embodiment is as shown 
in Fig. 2. Also, the specifications of the wave power generator shown above 
in terms of numerical values are applicable to the second embodiment, too. 
[0035] Further, in either of the wave power generators, the power 
generating means 7 including an electromagnetic damper and the air 
springs 4 as elastic members may be provided in a plurality of sets. 
Schematic views of such arrangements are shown in Fig. 5. Fig. 5(a) shows 
an arrangement in which two sets of electromagnetic dampers and elastic 
members are provided, one set over the weight 3 and the other set under 
the weight 3. Fig. 5(b) shows an arrangement in which two electromagnetic 
dampers are arranged in a vertical direction and two sets of elastic 
members are arranged in a horizontal direction. Fig. 5(c) shows an 
arrangement in which four sets of electromagnetic dampers and elastic 
members are provided, two sets in a vertical direction and the other two 
sets in a horizontal direction, with the floating body 1 provided at an 
intermediate position of the depth of the enclosure wall. 

[0036] In each of these embodiments, assuming that a floating body of a 
size of a large tanker is used to support a weight weighing 100,000 tons, an 
electric power of 500,000 times, that is, 500,000 kW can be generated 
because the amount of power generated increases in proportion to the 
weight. But with an increase in the total weight, the amplitude of the 
floating body decreases and the average relative speed v can decrease 
accordingly. In such a case, it is preferable to provide a plurality of sets of 
power generating units on the floating body and use them in such a 
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combination that their vertical movements do not interfere with each other. 
[0037] With the wave power generators of these embodiments, trouble or 
malfunction hardly occurs because the power generating means 7 is in 
contact with nothing, and only maintenance required is replacement of the 
diaphragm 5. Thus, the maintenance cost of the generator is very low. 
Another advantage is that the generator according to the invention is less 
influenced by Tsunamis and typhoons because its inside is sealed by the 
enclosure 2. 

INDUSTRIAL APPLICABILITY 

[0038] The wave power generator according to the present invention can 
be used for various applications including as small power generator for 
uninterruptive buoys, as power generators of large capacity, for power 
supply to islands, marine leisure apparatus and facilities which have 
difficulty in obtaining power supply, and for power generation for lifeboats. 
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